We report on an InGaN-based light-emitting diode ͑LED͒ with a top p-GaN surface microroughened using the metal clusters as a wet etching mask. The light-output power for a LED chip with microroughening was increased compared to that for a LED chip without one. This indicates that the scattering of photons emitted in the active layer was much enhanced at the microroughened top p-GaN surface of a LED due to the angular randomization of photons inside the LED structure, resulting in an increase in the probability of escaping from the LED structure. By employing the top surface microroughened in a LED structure, the power conversion efficiency was increased by 62%.
We report on an InGaN-based light-emitting diode ͑LED͒ with a top p-GaN surface microroughened using the metal clusters as a wet etching mask. The light-output power for a LED chip with microroughening was increased compared to that for a LED chip without one. This indicates that the scattering of photons emitted in the active layer was much enhanced at the microroughened top p-GaN surface of a LED due to the angular randomization of photons inside the LED structure, resulting in an increase in the probability of escaping from the LED structure. By employing the top surface microroughened in a LED structure, the power conversion efficiency was increased by 62%. GaN-based wide band gap semiconductors have recently attracted considerable interest due to their applications for optoelectronic devices, which are active in the blue and UV wavelength regions. 1, 2 Recently, as the brightness of GaNbased light-emitting diodes ͑LEDs͒ has increased, applications such as displays, traffic signals, backlight for cell phone, exterior automotive lighting, printers, short-haul communications, and optoelectronic computer interconnects have become possible. Especially, there has been a lot of speculation about white LEDs for general illumination by using the high brightness LEDs. However, even though the brightness of LEDs continues to increase, the total light output is still low compared to that of a conventional light source in a high-flux lighting system. 3 Therefore, a better way for the light extraction through the chip and device design must be required.
In general, the internal quantum efficiency for GaNbased LEDs is far smaller than 100% at room temperature due to the activation of nonradiative defects. And it is also well known that the external quantum efficiency is still much smaller than the internal quantum efficiency. This large discrepancy between two quantum efficiencies is originated from the fact that the light extraction efficiency of most conventional LEDs is limited by the total internal reflection of the generated light in the active region of the LED, which occurs at the semiconductor-air interface. This is due to the large difference in the refractive index between the semiconductor and air. For GaN-based LEDs, the refractive indexes of GaN (n GaN ) and the air (n air ) are 2.5 and 1, respectively. 4 In this case, the critical angle ͓ c ϭsin Ϫ1 (n air /n GaN )͔ for the light generated in the active region to escape is about 23°. Because the light emission from the active region of a LED is a directionally isotropic and the light can escape from the chip if the angle of incidence to the chip wall is less than the critical angle, a small fraction of light generated in the active region of the LED can escape to the surrounding air. Therefore, for a conventional GaN-based LED, the external quantum efficiency limits to a few percent due to the high refractive index of GaN as well as the absorption in the metal pad for current injection and free carriers, even if the internal quantum efficiency close to 100% is reached.
In order to increase light-extraction efficiency from LEDs, it is very important that the photons generated into LEDs experience multiple opportunities to find the escape cone. In this article, we report on the improved light output and electrical performance of an InGaN-based LED by a microroughened p-GaN surface using metal clusters. The I -V measurement showed that the forward voltage of a LED chip with a microroughened surface was lower than that of a conventional LED chip. Furthermore, the light-output efficiency of a LED structure with a microroughened surface was significantly increased compared to that of a conventional LED structure.
The device samples were grown on c-plane sapphire substrates using a metalorganic vapor deposition system with a rotating-disk reactor ͑Emcore D125™͒. The procedure for the growth and epilayer structure of the multiple quantum well ͑MQW͒ LED have been described elsewhere. 5 The top surface of a LED, that is a p-GaN surface, was roughened by using both the formation of metal clusters on a top p-GaN surface of a LED and wet etching process. After the growth of a LED structure, the Pt thin film was a thickness of 5 nm was first deposited on the p-GaN layer by using an electronbeam evaporator. There have been extensive investigations on the formation of semiconductor nanostructures utilizing the various metal clusters for etch mask. 6, 7 It was also reported that the Pt thin film can be changed to prepare metal clusters using a proper thermal annealing. 8 To change the Pt layer to metal Pt clusters on the top p-GaN surface, a rapid thermal annealing ͑RTA͒ process at 900°C for 2 min was followed. And then, a wet etching process was performed to produce the roughened LED top surface utilizing the Pt metal clusters as an etch mask. For the p-GaN layer, Cao et al. 9 reported that the exposure of p-GaN to an inductively coupled plasma produces N 2 -deficient surfaces with reduced net acceptor concentration, leading to an increased surface and bulk leakage currents, changes in the electrical properties of near-surface region through a change in Ga/N stoichiometry. Hence, we used here the wet chemical etching method to etch the top p-GaN surface of a LED by using Pt clusters as an etch mask. The sample was immersed into a boiling phosphoric acid (H 3 PO 4 ) solution for 2 min. According to the previous report, 10 the etch rate of the GaN layer in boiling H 3 PO 4 solution was about 0.013 m/min at near 100°C. In order to remove the remaining Pt metal clusters on a LED sample after the wet etching process, the LED sample was dipped into a boiling aqua-regia solution (HCl:HNO 3 ϭ3:1) for 10 min. After the formation of a microroughened LED top surface, the LED fabrication process published elsewhere 11 was employed for the LED device process. Conventional LED chips with a same device area ͑300ϫ300 m 2 ) were also fabricated using the same wafer for comparison studies. Figure 1 shows the atomic force microscope ͑AFM͒ images presenting the morphological changes of the LED top surface. The average size of Pt clusters formed on the surface after the RTA process at 900°C for 2 min was in a range of 0.3-0.5 m and also the average height was in a range of 50-100 nm as shown in Fig. 1͑a͒ . Figure 1͑b͒ shows the AFM image of the LED surface after both the wet etching process and removal of the remaining Pt metal cluster. The average roughness of the LED surface measured by using an AFM was about 5-6 nm. As can be seen in Fig. 1͑b͒ , we confirmed that the microroughening was uniformly formed on the top p-GaN surface by using Pt metal clusters. Figure 2 shows ͑a͒ the I -V characteristics of two LED chips and ͑b͒ room temperature electroluminescence ͑EL͒ spectrum, respectively. The peak wavelength of the LED is about 470 nm at a current of 20 mA. The forward voltage, V F , at 20 mA of a LED chip with a microroughened top surface was decreased compared to that of a conventional LED chip. In addition, the LED chip with a microroughened top surface showed a steeper slope of I -V curve than that of a conventional LED chip, indicating that the series resistance of a LED chip is reduced. The reduction in the series resistance for the LED chip with a microroughened top LED surface can be attributed to the improved ohmic contact resistance between light-transmitting Pt layer and p-GaN layer due to an increased contact area.
To further investigate the influence of microroughened top p-GaN surface on light-output performance of a LED chip, we measured the light-output power by using a calibrated Si photodiode. The output powers of two unpackaged LED chips were measured from both the backside ͑substrate side through the sapphire͒ and frontside ͑top side through the transparent metal layer͒ of the device. The light-output powers measured from the backside and frontside of a LED as a function of injected forward current are shown in Figs. 3͑a͒  and 3͑b͒ , respectively. The results show that the light-output powers were greatly increased for the LED chip with a mi- croroughened top surface. Comparing with the conventional LED chip, the light-output power for the LED chip with a microroughened top surface was increased by 52.4% for the frontside and by 30% for the backside, respectively, as shown in Fig. 3 . The reason why the more increase in lightoutput power measured from the frontside than the backside is originated from the fact that for the frontside, in addition to the better I -V characteristics, the microroughened top surface was considered to give the photons multiple chances to escape from the LED to surrounding air. Using simple calculation, for the LED with a microroughened top surface structure, the wall-plug efficiency, which means the power efficiency ͑output power/input power͒, was increased by 62% at a standard current of 20 mA, compared to that of the conventional LED structure. This is due to lowered forward voltage and enhanced light extraction from the LED structure, as shown in Figs. 2͑a͒ and 3 , respectively.
The light-extraction efficiency in the GaN-based LED is limited mainly due to the large difference in the refractive index between the GaN film and surrounding air. The critical angle determined by Snell's law, that is, the angle that the photons can escape from the GaN layer to air, is crucially important to improve the light-extraction efficiency of the LED. The key to enhance the escape probability is to give the photons generated in the active layer of the LED structure multiple opportunities to find the escape cone. 12 This requires angular randomization or scrambling of the photons. Figure 4͑a͒ shows the possible photon paths at the interface between the p-GaN and surrounding air for LEDs without surface microroughening. For a LED with a p-GaN top surface which was microroughened, the angular randomization of photons can be achieved by surface scattering from the microroughened top surface of the LED, as shown in Fig.   4͑b͒ . Thus, the microroughened surface structure can improve the probability of escaping the photons outside from the LED, resulting in an increase in the light-out power of LED, as shown in Fig. 3 .
In summary, we report on an InGaN/GaN MQW lightemitting diode with a p-GaN top surface which was microroughened using the metal clusters. The microroughened surface structure could improve the escape probability of photons due to the angular randomization of photons inside the LED structure, resulting in an increase in the lightextraction efficiency of LED. Using simple calculation, the wall-plug efficiency was increased by 62% for the LED with a microroughened top surface comparing to that of the conventional LED structure. Possible photon paths at the interface between the p-GaN surface and air. In case of the LED structure with a microroughened surface, the photons can be escaped out from the LED to air.
